The selective growth of high-density one-dimensional well-aligned Ge quantum dots ͑QDs͒ on the top of nanoridges patterned on Si substrate is reported. The period of ridge array is 150 nm, the width of each ridge is 80 nm, and the depth of the trench is 20 nm. The areal density of QDs is about 5.4ϫ 10 9 cm −2 . Simulations of the chemical potential show that a proper distribution of the surface curvature may give rise to a suitable chemical potential minimum helping positioning the QDs. These ridges can also be used to control the shape and the uniformity of QDs.
Preferential growth of self-assembled germanium ͑Ge͒ quantum dots ͑QDs͒ on silicon ͑Si͒ substrates is of special interest because of its potential applications to electronic and optoelectronic devices. 1, 2 In the growth process, after wetting layer deposition Ge QDs are formed and the misfit strain 3 is relaxed at the same time; they nucleate at random positions and exhibit a rather large size dispersion. 4 However, the size, density and position of Ge QDs are very critical to realistic device applications. 5 Recently, major progresses on improving the spatial alignment and the uniformity of Ge QDs have been achieved by integration of lithography and selfassembling growth techniques. [6] [7] [8] [9] [10] [11] [12] Most of these works demonstrated that QDs were grown in trenches, or pits, with concave surfaces; [7] [8] [9] [10] [11] [12] [13] only in few of them QDs were on the ridges, which are convex surfaces. 6, 7, 12, 13 They have shown that selective growth on the top of ridge can be achieved by a wetting layer with a higher Ge concentration which may relax the misfit strain, 7, 12 by corrugative hill patterns on Si substrates which modify the elastic energy of QDs, 13 or by a thin oxide layer 6 which covers the trench part. Here, we demonstrate the selective growth of Ge QDs only on the top of ridges of nanometer scale. High-density one-dimensional ͑1D͒ well-aligned Ge QDs can be obtained by integrating lithography, etching, and deposition systems. The size of QDs can also be controlled by the width of ridge. Simulations taking chemical potential and surface profile into consideration show that a large surface curvature may yield a local chemical potential minimum on the top of nanoridges, which is necessary for the growth of Ge QDs thereat. Our results can be applied to form the active QDs in nanocrystal nonvolatile memories 1 and high efficient QD infrared detectors. 2 The QD locations are determined via the mass transport process controlled by the chemical potential: atoms diffuse from regions of high chemical potential to regions of lower chemical potential.
14 Chemical potential is the sum of surface energy and strain energy. Manipulation of the curvature of the Si surface may give rise to a local potential minimum on the top of a ridge, where the QD has more chance to nucleate. To find the morphology which results in a 1D QD growth, we fabricated several periodic nanoridge arrays with various surface curvatures and deposited Ge QDs on them.
The periodic nanoridges on a Si substrate with various surface curvatures are patterned with e-beam lithography and reactive ion etching. A wetting layer is deposited and then Ge QDs are grown in an ultrahigh vacuum chemical vapor deposition system. The substrate temperature is maintained at 600°C during growth. The nominal thickness of Ge layer is 7 ML ͑monolayer͒. The surface morphology is investigated by an atomic force microscope ͑AFM͒ afterward. Figure 1͑a͒ shows the AFM image of a sample ͑marked as sample A͒ with all Ge QDs being deposited only on the top of ridges, but not in the trenches. The fabrication parameters are listed in Table I . The distance between each line of QDs is 150 nm, the same as the period of the host Si template with an 80-nm-wide ridge array. The depth of the trenches is about 20 nm. The solid line in Fig. 1͑b͒ illustrated the profile across a ridge with a 10 nm Si 0.8 Ge 0.2 wetting layer. Please notice that unlike the prior work, 6 the trenches here are not protected by an oxide layer. The areal density of Ge QDs is estimated to be 5.4ϫ 10 9 cm −2 , which is the highest for Ge QDs 1D array grown on the top of ridges ever reported in literature. 6, 8, 9, 12 To understand the spatial distribution of Ge QDs, we can examine the chemical potential determining the growth of Ge QDs, following the model given by Yang et al. 12 The 
where 0 is the chemical potential for a flat surface, ⍀ is the atomic volume, ␥ is the surface free energy per unit area, k is the surface curvature, and E s is the local strain relaxation energy. The curvature k is
with z being the height of the surface along the normal to the surface plane, zЈ and zЉ being the first and second derivatives with respect to x, respectively, and x being the position along the surface plane. The change of local chemical potential due to morphology comprises the surface energy ⍀␥k and the strain energy ⍀E s . The local strain relaxation energy relative to a flat film, E s , can be formulated by
where C is the elastic constant, z s is the position of the top surface, z 0 is the position of the neutral plane of the bent film, and is the misfit strain between QDs and the wetting layer. Here it is assumed that the wetting layer conforms exactly to the shape of the underlying patterned Si template, 12 and the Ge QD on the surface of wetting layer is treated as a bent film. 15 The quantity ͑z s − z 0 ͒ represents the average displacement of the bent film and is treated as a fitting parameter, which is chosen to give a minimum in a selective area and correct QD positions. The surface curvature, k, in convex regions is positive, and in concave regions is negative. Thus, according to Eq. ͑1͒, k of the top of a nanoridge would make a positive contribution to surface energy, but a negative contribution to strain energy. To grow Ge QDs specifically right on the top of a ridge, the local strain energy has to be negative enough to overcome the surface energy, yielding a local chemical potential minimum there. To achieve this, two possible methods can be employed: one is to decrease due to misfit through a suitable wetting layer, 7, 12 and the other is to engineer the surface curvature, . 12, 13 Since the surface energy is to the first order of k, while the strain energy is to the second order of k, for a large enough k, corresponding to a ridge with narrow enough width, the magnitude of the strain energy could surpass the surface energy term.
The simulated distribution of chemical potential across a ridge in sample A is illustrated in Fig. 1͑b͒ . The measured surface profile, the solid-line curve in Fig. 1͑b͒ , along the white dashed line S-S across the ridge without QD in Fig.  1͑a͒ is used to estimate k via Eq. ͑2͒. The result shows a remarkable local chemical potential minimum with a broad basin lying exactly on the top of the nanoridge, consistent with the positions of Ge QDs. Note that the zero value of corresponds to a flat surface with k = 0. The fitting parameter ͑z s − z 0 ͒ is chosen to be 1.2 nm.
In contrast with sample A, we fabricated two test samples, B and C, with ridges of wider widths. Besides the size of the template ridges and the wetting layer, these samples have similar fabrication process and parameters, which are also listed in Table I . The AFM picture of sample B in Fig. 2͑a͒ shows that the Ge QDs are grown not only on the top of ridges but also in the trenches, compared with Fig.  2͑c͒ for sample C, which shows very few QDs are on the ridges. Figures 2͑b͒ and 2͑d͒ illustrate the simulated chemi- cal potential distributions across a ridge for samples B and C, respectively, together with their measured surface profiles by AFM. The concordance between the distribution of chemical potential and the Ge QDs is evident: the potential minimum on the top of the ridge relative to the trench regime for sample B is deeper than that of sample C, yet much shallower than that of sample A, resulting in the corresponding distributions of QDs for these samples. Finally, the size of QDs and its standard variation are found to be drastically affected by the nanoridge array. From the AFM data of sample A in Fig. 1͑a͒ , the average dimension perpendicular to the ridge ͑d X ͒ of the Ge ODs is 152 nm with a standard variation ͑͒ of 6 nm, while the size along the ridge ͑d Y ͒ is 109 nm with = 28 nm. Figures 1͑c͒ and  1͑d͒ show the histograms for d X and d Y of Ge QDs. Apparently, not only d X is enlarged by the ridge but the is also suppressed. Similarly, the AFM data of the QDs on the top of ridges for sample B in Fig. 2͑a͒ give d X = 104 nm, larger than d Y = 88 nm; however, is about 20 nm for both directions, no variation suppression being observed. Even though no detailed microscopic model can be provided so far for this effect, the small value of for d X can be attributed to the relatively deep and broad potential minimum for sample A illustrated in Fig. 1͑b͒ compared to the shallower and narrower minimum for sample B in Fig. 2͑b͒ . We also notice that the shapes of the QDs on the top of ridges are all domelike, in contrast with the QDs in the trench or in samples without ridge patterns having both domelike and pyramidlike shapes. The narrow ridge can be used to inhibit bimodal growth of Ge QDs. 6 Similar results on shape and uniformity control of Ge QDs in the trench ͑or trough͒ region are discussed in Ref. 13 . Our results suggest that the uniformity and also the shape of Ge QDs on top of ridges can be controlled by nanopatterning.
In conclusion, high-density 1D well-aligned Ge QDs selectively grown on the top of nanoridges patterned on a Si substrate are experimentally achieved by carefully designing the distribution of the surface curvature, which may give rise to a suitable chemical potential minimum helping positioning the QDs. The same method can also be used to control the growth mode and the uniformity of QDs on nanoridges.
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